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ABSTRACT Estrogen receptor (ER) modulators produce 
distinct tissue-specific biological effects, but within the con- 
fines of the established models of ER action it is difficult to 
understand why. Previous studies have suggested that there 
might be a relationship between ER structure and activity. 
Different ER modulators may induce conformational changes 
in the receptor that result in a specific biological activity. To 
investigate the possibility of modulator-specific conforma- 
tional changes, we have applied affinity selection of peptides 
to identify binding surfaces that are exposed on the apo-ERs 
a and f$ and on each receptor complexed with estradiol or 
4-OH tamoxifen. These peptides are sensitive probes of re- 
ceptor conformation. We show here that ER ligands, known to 
produce distinct biological effects, induce distinct conforma- 
tional changes in the receptors, providing a strong correlation 
between ER conformation and biological activity. Further- 
more, the ability of some of the peptides to discriminate 
between different ER a and ER /3 ligand complexes suggests 
that the biological effects of ER agonists and antagonists 
acting through these receptors are likely to be different. 



The estrogen receptor (ER) is a member of the steroid family 
of nuclear receptors. Like other nuclear receptors, the ER is 
a ligand-dependent transcriptional activator (1). In the ab- 
sence of hormone, the ER resides in the nucleus of target cells 
where it is associated with an inhibitory heat-shock protein 
complex (2). On binding ligand, the receptor is activated. This 
process permits the formation of stable receptor dimers and 
subsequent interaction with specific DNA response elements 
located within the regulatory region of target genes (3). The 
DNA-bound receptor can then either positively or negatively 
regulate target gene transcription. Although the precise mech- 
anism by which the ER modulates RNA polymerase activity 
remains to be determined, it has been shown recently that 
agonist-bound ER can recruit transcriptional adaptors, pro- 
teins that permit the receptor to transmit its regulatory 
information to the cellular transcriptional apparatus (4-6). 
Conversely, when occupied by antagonists, the DNA-bound 
receptor actively recruits corepressors, proteins that permit 
the cell to distinguish between agonists and antagonists (5-7). 
Building on this complexity was the recent discovery of a 
second ER, ER /3, whose mechanism of action appears to be 
similar to, yet distinct from, ER a (8-10). 

Drugs that target the ER can exhibit a variety of effects in 
different target tissues. For example, tamoxifen is an ER 
antagonist in breast tissue (11) but an ER agonist in bone (12) 
and uterine (13) tissue. Raloxifene is also an ER antagonist in 
breast tissue; however, it exerts agonist activity in bone but not 
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uterine tissue (14). Indeed, one of the greatest challenges in 
understanding the pharmacology of the ER is determining 
how different ER ligands produce such diverse biological 
effects. We have explored the possibility that various ER 
ligands induce distinct conformational changes in the ER. 
These distinct conformations may, in turn, alter the interac- 
tions of the receptor with cell- and tissue-specific coactivating 
or corepressing proteins or even estrogen response elements 
(EREs), thus leading to diverse biological effects. Using 
limited proteolysis, we and others have shown that the ER 
agonist estradiol and the ER antagonist ICI 182,780 induced 
distinct ER conformations (15, 16). However, the picture is 
much more complicated than this. There is a variety of ER 
ligands, selective ER modulators, which are neither pure 
agonists nor antagonists. These ligands, which include tamox- 
ifen and raloxifene, produce distinct tissue-specific biological 
effects, yet conformational differences cannot be discerned in 
the protease digestion assay (15, 16). It is likely that these 
compounds are also eliciting distinct conformational changes 
that affect ER activity, but the changes are too subtle to be 
detected by the protease digestion assay (17, 18). 

In an effort to explore the relationship between ER struc- 
ture and biological activity, we have used affinity-selected 
peptides to probe the conformational changes that occur 
within the ER on binding various ligands. Our results indicate 
that different peptide-binding surfaces on the ER are exposed 
in response to binding different ligands, and that these binding 
surfaces are distinct from those exposed on the apo-receptor. 
We infer from these results that different ER-ligand com- 
plexes may be able to contact different proteins within the cell, 
and that the overall biological response is determined by 
unique combinations of protein-protein interactions that oc- 
cur in a given cell and promoter context. 

MATERIALS AND METHODS 

Materials. ER a and 0 were purchased from Panvera 
(Madison, WI). Immulon 4 96-well plates were from Dynatech. 
Streptavidin, 17-/3 estradiol, 4-OH tamoxifen, nafoxidine, clo- 
miphene, diethylstilbestrol, progesterone, 16-a OH estrone, 
and estriol were purchased from Sigma. Premarin is a product 
of Wyeth-Ayerst Laboratories (Marietta, PA). Raloxifene is a 
product of Eli Lilly. ICI 182,780 was purchased from Tocris 
Cookson (Ballwin, MO). Anti-M13 antisera was purchased 
from Amersham Pharmacia. Sequencing of single-strand M13 
DNA was conducted by Sequetech (Mountain View, CA). 
Peptide synthesis was conducted by AnaSpec (San Jose, CA). 
Oligonucleotides corresponding to the vitellogenin ERE, bi- 
otin- GATCTAGGTCACAGTGACCTGCG (forward) and 
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biotin-GATCCGCAGGTCACTGTGACCTA (reverse), were 
synthesized by Genosys (The Woodlands, TX). 

Phage Affinity Selection. Affinity selection of phage for the 
various conformations of the ER was conducted essentially as 
described (19). Immulon 4 96-well plates were coated with 
streptavidin in 0.1 M sodium bicarbonate. The plates were then 
incubated for 1 h with 2 pmol biotinylated vitellogenin ERE 
per well (20), followed by incubation for 1 h with 3 pmol 
(monomer) ER a or ER /3 per well. Affinity selections were 
conducted with the ER in TBST (10 mM Tris-HCl, pH 8.0/150 
mM NaCl/0.05% Tween 20) or in TBST containing 1 jllM 17-0 
estradiol or 4-OH tamoxifen. 

Phage ELISA. ER a or |3 was immobilized on the vitellogen- 
in ERE as described for phage affinity selection. The ER was 
then incubated with 100 ^1 TBST or TBST containing the 
appropriate modulator. Phage (40 /xl) from a 5-h culture grown 
in DH5aF' cells was added directly to the wells and incubated 
30 min at room temperature. Unbound phage were then 
removed by five washes with TBST. Bound phage were de- 
tected by using an anti-M13 antibody coupled to horseradish 
peroxidase. Assays were developed with 2,2-azinobis(3- 
ethyIbenzothiazoline)-6 sulfonic acid and hydrogen peroxide 
for 10 min and then stopped by the addition of 1% SDS. 
Absorbance was measured at 405 nm in a Molecular Devices 
microplate reader. 

Mapping Phage Binding Sites on ER a. For mapping 
studies, the ER a ligand-binding domain (residues 282-595) 
fused to glutathione S-transferase (GST) (a gift from Peter 
Kushner) and the ER a N terminus (residues 1-184) fused to 
GST were used. The full length ER a or domains were 
immobilized directly on the surface of the Immulon 4 plate. 
Assays were conducted as described for phage ELISA. 

Time-Resolved Fluorescence Assays. Time-resolved fluores- 
cence (TRF) assays were performed at room temperature as 
follows: costar high-binding 384-well plates were coated with 
streptavidin in 0.1 M sodium bicarbonate and blocked with 
BSA. Biotinylated ERE (2 pmol) was added to each well. After 
a 1-h incubation, biotin was added to block any remaining 
binding sites. The plates were washed, and 2 pmol ER a was 
added to each well. Following a 1-h incubation, the plates were 
washed and the ER modulators were added at a range of 
concentrations. Following a 30-min incubation with the mod- 
ulators, 2 pmol of a europium-labeled streptavidin (Wallac, 
Gaithersburg, MD) -biotinylated peptide conjugate (prepared 
as described below) was added and incubated for 1 h. The 
plates were then washed and the europium enhancement 
solution was added. Fluorescent readings were obtained with 
a POLARstar fluorimeter (BMG Lab Technologies) by using 
a <400-nm excitation filter and a 620-nm emission filter. The 
europium-labeled streptavidin-biotinylated peptide conjugate 
was prepared by adding 8 pmol biotinylated peptide to 2 pmol 
labeled streptavidin. After incubation on ice for 30 min, the 
remaining biotin-binding sites were blocked with biotin before 
addition to the ER-coated plate. 

RESULTS AND DISCUSSION 

Affinity selection of phage-displayed peptide libraries (19) was 
conducted on both ER a and )3 under conditions that were 
predicted to place the ER in different conformations — 
apo-ER, estradiol-bound ER, and 4-OH tamoxifen-bound ER. 
Unique sets of high-affinity peptides were identified under 
each condition. Most notably, affinity selection of peptides in 
the presence of estradiol revealed a number of sequences 
containing an LXXLL motif (Fig. L4). This motif, which is 
found in nuclear receptor coactivators (Fig. IB), has been 
shown to be necessary and sufficient for their association with 
nuclear receptors (21). Studies have shown that the association 
of the LXXLL motif with the ER is accomplished via a helical 
region in the ligand-binding domain of the receptor that is 
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Fig. 1. (A) Sequences of LXXLL motif containing peptides that 
were affinity selected on ER a in the presence of estradiol. (B) 
Sequences of LXXLL motifs found in the nuclear receptor coactivat- 
ing proteins human SRCla (steroid receptor coactivator la), mouse 
c A MP- responsive element binding protein (CREB)-binding protein 
(CBP), and human RIP140. 

exposed on binding estradiol. Structural studies using x-ray 
crystallography have shown that this region is not properly 
positioned in the presence of raloxifene (17) or 4-OH tamox- 
ifen (18), thus preventing the interaction of the coactivator 
LXXLL motif. The identification of these sequences in the 
presence of estradiol indicates that the ER is undergoing 
conformational changes in response to ligand in vitro consis- 
tent with the changes that are predicted to occur in vivo. 

All of the affinity-selected phage were evaluated by phage 
ELISA for binding to apo-ER a and |3 and to ER a and )3 in 
the presence of estradiol or 4-OH tamoxifen, as described in 
Materials and Methods and illustrated in Fig. 2. Many phage 
showed distinct preferential binding. Some sequences bound 
more strongly to the apo-receptor, while others exhibited 
preferential binding to the estradiol-activated or the 4-OH 
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Fig. 2. Phage ELISA. A biotinylated vitellogenin ERE was im- 
mobilized on 96-well plates precoated with streptavidin. The ER was 
then immobilized on the ERE and incubated for 5 min in the presence 
of modulator before the addition of phage. Assays were conducted as 
described in Materials and Methods. HRP, horseradish peroxidase. 

tamoxifen-activated receptor. No signal was observed when 
the assays were carried out in the absence of ER, indicating 
that the peptides were binding to the ER ligand complex. 
Based on this analysis, 11 phage expressing different peptide 
sequences and showing distinct binding preferences were 
chosen for further use as conformational probes (Fig. 3). Five 
of the probes have affinity for both ER a and ER j8 and were 
designated a/p I-V. Three probes were specific for ER a, 



designated a I— III, and three were specific for ER j3, desig- 
nated p 1— III. The identification of distinct classes of peptides, 
some of which recognized both ER a and ER p and others that 
were receptor specific, is consistent with the primary structures 
of the two receptors being similar yet distinct. 

The binding sites of the eight probes, a/p I-V and a I— III, 
were mapped on ER a by using isolated ER a ligand-binding 
domain, an amino terminal domain, and the full length ER. 
Assays were conducted by using the format shown in Fig. 2, 
except that the domains and the full length receptor were 
directly immobilized on the plastic surface of the well. All of 
the probes, except a I, bound to the ligand-binding domain. 
The a I probe, which binds only to the full length protein, may 
be binding to a site that is created by the tertiary structure 
formed by the interaction between receptor domains (data not 
shown). Whereas the binding of the probes requires the 
presence of the ER ligand-binding domain, we cannot at this 
time formally exclude the possibility that the binding surface 
for some probes is created by the combination of ligand and 
receptor. However, crystal structures of the ER ligand-binding 
domain complexed with ligand indicate that helix 12 is posi- 
tioned over the ligand-binding site such that the probes may be 
sterically hindered from binding directly to the ligand (17, 18). 

Next, we evaluated the binding of each of the probes to ER 
a and ER 0 in the presence of a variety of ER Hgands that have 
distinct biological activities (22-31). The goal was to determine 
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Fig. 3. Analysis of the binding specificity of the conformational probes was conducted by phage ELISA as described in Materials and Methods. 
Estradiol and 4-OH tamoxifen concentrations were 1 ^M. The probes a/0 I-a/0 V are shown only for ER a. The binding patterns of these probes 
on ER 0 were similar. Sequences of the probes are as follows: a/0 I, SSNHQSSRLIELLSR; a/0 II, SAPRATISHYLMGG; a/0 III, 
SSWDMHQFFWEGVSR; a/p IV, SRLPPSVFSMCGSEVCLSR; oc/p V, SSPGSREWFKDMLSR; a I, SSEYCFYWDSAHCSR; a II, SSLTSRD- 
FGSWYASR; a III, SRTWESPLGTWEWSR; 0 I, SREWEDGFGGRWLSR; 0 II, SSLDLSQFPMTASFLRESR; 0 III, SSEACVGRWML- 
CEQLGVSR. 
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whether each of the ligands would induce a conformational 
change in the ER that would alter the binding pattern of the 
probes, thus producing a "fingerprint" for each compound. 
The ligands used for this study include the ER agonists 
estradiol, estriol, and diethylstilbestrol (DES); the selective ER 
modulators 4-OH tamoxifen, nafoxidine, clomiphene, and 
raloxifene; the antagonist ICI 182,780; and the estradiol 
metabolite 16-a-OH estrone. Premarin, the mixture of conju- 
gated estrogens used as estrogen replacement therapy, was also 
included, but it should be noted that many of the components 
of Premarin must be metabolically activated. Thus, their action 
may not be detected in this in vitro assay. Buffer only (apo- 
receptor) and progesterone were included as controls. As 
shown in Fig. 4, each of the ligands tested did indeed alter the 
binding pattern of the probes, producing a distinct fingerprint 
for each, whereas the pattern produced by progesterone was 
indistinguishable from that produced by buffer. 

The unique ligand-dependent binding patterns of the probes 
indicates that each ligand induces a receptor conformational 
change that differentially exposes peptide-binding surfaces. 
The binding patterns for estradiol and ICI 182,780 are distinct 
on both ER a and )3, confirming the conformational change 
illustrated by the earlier protease digestion studies (15). The 
protease digestion assay, which relies on the location of 
cleavage sites for detection of conformational changes, could 
distinguish between conformational changes induced by estra- 
diol and 4-OH tamoxifen or estradiol and ICI 182,780. How- 




Fig. 4. Fingerprint analysis of ER modulators on (A ) ER a and (B) 
ER )3. Immobilized ER was incubated with estradiol (1 ptM), estriol (1 
julM), Premarin (10 /uM), 4-OH tamoxifen (1 /xM), nafoxidine (10 
/iM), clomiphene (10 juM), raloxifene (1 /iM), ICI 182,780 (1 /iM), 
16a-OH estrone (10 /xM), DES (1 juM), or progesterone (1 ptM). 
Phage E LIS As were conducted as described in Materials and Methods. 
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Fig. 5. Comparison of the binding of the peptide probes to ER a 
or ER )3 in the presence of modulators using TRF. Assays were 
conducted as described in Materials and Methods, (o), buffer, apore- 
ceptor; (□) 17)3 estradiol;(A) estriol; (a) DES; (V) 4-OH tamoxifen; 
(▼) raloxifene; (O)nafoxidine; (♦) clomiphene; (*) ICI 182,780. RFU, 
relative fluorescence units. 
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Table 1. Binding of the peptide probe to ER a and ER p in the presence of modulators 
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EC50 is defined as the concentration, in nanomolar, of a given modulator required to achieve a 50% change in the binding of the probe to the 
receptor. The change in conformation may result in an increase or decrease in the affinity of the probe for the receptor. 



ever, it was unable to distinguish between changes induced by 
4-OH tamoxifen and other ER modulators such as ICI 182,780 
(15). The fingerprint assay, however, clearly indicates that 
unique peptide-binding surfaces are exposed on both ER a 
and p in the presence of 4-OH tamoxifen that are not exposed 
in the presence of ICI 182,780. Tamoxifen, nafoxidine, and 
clomiphene contain the same triphenylethylene core structure. 
These three compounds, although similar in structure, produce 
distinct biological effects. Therefore, it might be predicted that 
these compounds would induce similar, yet distinct, confor- 
mational changes in the receptors. The fingerprint assay shows 
that the probes a/p III, IV and V, which have high affinity for 
the ER in the presence of 4-OH tamoxifen, have lower affinity 
for the ER complexed with nafoxidine and clomiphene, indi- 
cating that the exposure of these peptide-binding surfaces 
differs in the presence of these compounds. The a III probe 
more clearly differentiates these three compounds. The fin- 
gerprint assay also differentiates 4-OH tamoxifen and ralox- 
ifene. The probes a/p III, IV, and V have reduced affinity for 
both ER a and p in the presence of raloxifene compared with 
4-OH tamoxifen. The probes a/p II, p I, and p III further 
distinguish ER p conformational changes induced by these two 
compounds. The fingerprint pattern produced by Premarin is 
distinct compared with other agonists; however, Premarin's 
activities are caused by a mixture of components. It would be 
interesting to assess the binding patterns of the probes in the 
presence of each of the purified activated components of 
Premarin. 

To confirm that the binding of the probes to the ER 
depended on the peptide expressed on the surface of the 
phage, biotinylated peptides corresponding to the phage se- 
quences were synthesized with biotin attached to a C-terminal 
lysine. The peptides were coupled to europium-labeled 
streptavidin and binding studies were conducted by using TRF 
spectroscopy, as described in Materials and Methods. The 
concentrations of the modulators were varied from picomolar 
to micromolar, and the binding of these probes to the ER was 
measured. The results, shown in Fig. 5, indicate that the 
peptides are indeed conferring the binding specificity. Com- 
parison of the fluorescence values obtained from the TRF 
binding assays and the signals obtained in the phage ELISA 
fingerprint indicate that the two methods produce similar 
patterns. However, the binding assay also provides an indica- 
tion of the potency of each compound to induce the confor- 
mational change required for peptide binding (Table 1). Taken 
together, these results indicate that conversion of the finger- 
print assay from phage to peptides will provide an even more 
sensitive assay for detecting conformational change. 

One of the most notable observations from the TRF binding 
assays is that the binding of the p I probe to ER p is enhanced 
in the presence of the selective ER modulator 4-OH tamoxifen 
and reduced in the presence of other SERMs such as ralox- 



ifene, nafoxidine, and clomiphene. The reduction in binding 
observed with these compounds is similar to the reduction 
observed with agonists such as estradiol, estriol, and DES. 

We have identified peptides that serve as conformational 
probes of the ER a and )3. Many probes bind to both receptors, 
while other probes bind to either the a or p receptor. Con- 
sistent with the two receptors having regions of high homology 
and other more divergent regions, these results indicate that 
the receptors have some binding surfaces in common, while 
others are unique. The implications of this are that both 
receptors may contact some of the same regulatory proteins in 
the cell, yet there may be additional proteins that specifically 
regulate either ER a or p action. 

We have used our peptidic probes to show that both 
receptors undergo distinct conformational changes as a result 
of binding different ligands. The probes not only reveal 
receptor conformational changes by their relative changes in 
affinity, but they also identify unique binding surfaces on the 
two receptors. These binding surfaces may, in fact, be the 
surfaces that interact with various coregulatory proteins in 
response to different ligands. For example, many peptides 
selected with the estradiol-activated receptor contained se- 
quences found in nuclear receptor coactivators, as illustrated 
by the peptides containing the LXXLL motif (Fig. 1). These 
peptide probes are probably mimicking the interaction be- 
tween the receptor and coactivating proteins. Potentially, these 
probes can be used to identify heretofore unknown receptor- 
protein interactions. 

Additional applications of the probes lie in the area of 
detection of ER modulators. One or more probes can be used 
to set up a high-throughput screen to identify modulators of 
ER activity. We anticipate that compounds that bind to the ER 
will alter receptor conformation and hence alter the binding 
patterns of the probes. The sites targeted by the screen may not 
be bona fide protein-protein interaction surfaces, but may 
represent sites exposed in the presence of a specific ligand and 
thus serve as markers for specific conformations. The finger- 
printing technique may also be applied to quickly classify hits 
from a screen into different categories such as agonist (re- 
sembling the estrogen pattern), antagonist (resembling the ICI 
182,780 pattern), mixed (resembling the tamoxifen pattern), or 
novel effectors, before assessing them in a cell-based assay. 
Fingerprinting may also be used to determine structure activity 
relationships and to rapidly assess compounds after chemical 
modification during lead optimization. 

This is, to our knowledge, the first technique described that 
can distinguish between ER conformations induced by ligands 
both between and within ligand classes. The data gathered with 
this assay provide strong evidence that the biological activity 
of the ER can be linked to the conformation induced on 
binding ligand. A strength of this fingerprinting technique is 
that it is broadly applicable to any protein or receptor that 
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undergoes structural changes on binding of a Iigand or sub- 
strate. We are currently applying this technique to additional 
receptors and signaling proteins to aid in assessing conforma- 
tional changes in response to chemical modulators of activity. 
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